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Abstract: A drill-anchor robot is an essential means of efficient drilling and anchoring in coal-mine
roadways. It is significant to calculate the position of the drill-anchor robot based on the positioning
information of the supported anchor rod to improve tunneling efficiency. Therefore, identifying
and positioning the supported anchor rod has become a critical problem that needs to be solved
urgently. Aiming at the problem that the target in the image is blurred and cannot be accurately
identified due to the low and uneven illumination environment, we proposed an improved YOLOv7
(the seventh version of the You Only Look Once) model based on the fusion of image enhancement
and multiattention mechanism, and the self-made dataset is used for testing and training. Aiming
at the problem that the traditional positioning method cannot guarantee accuracy and efficiency
simultaneously, an anchor-rod positioning method using depth image and RGB image alignment
combined with least squares linear fitting is proposed, and the positioning accuracy is improved by
processing the depth map. The results show that the improved model improves the mAP by 5.7%
compared with YOLOvV7 and can accurately identify the target. Through the positioning method
proposed in this paper, the error between the positioning coordinate and the measurement coordinate
of the target point on each axis does not exceed 11 mm, which has high positioning accuracy and
improves the positioning accuracy and robustness of the anchor rod in the coal-mine roadway:.

Keywords: anchor-rod positioning; image enhancement; multiattention mechanism; visual
target detection

1. Introduction

Coal-mine production is mainly based on underground mining, and roadway devel-
opment depends on tunneling operations. Therefore, anchor support is vital in coal-mine
production [1,2]. Improving the efficiency of roadway tunneling has become one of the
essential contents of coal-mine intelligence. At present, the main factor affecting the effi-
ciency of roadway excavation is the intelligent level of drilling and anchoring operations.
On 2 January 2019, the National Coal Supervision Bureau issued the ‘Key R&D Directory of
Coal Mine Robots’. On 25 February 2020, the National Development and Reform Commis-
sion and eight other ministries and commissions jointly issued the ‘Guiding Opinions on
Accelerating the Intelligent Development of Coal Mines,” which clarified the development
goals and main tasks of coal mine drill-anchor robots. Drill-anchor robots are of great
significance in solving the problem of supporting efficiency, but the positioning of drill-
anchor robots is mainly done by manual operation, which cannot ensure the accuracy and
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efficiency of fuselage positioning [3,4]. The positioning of drill-anchor robots can be solved
by taking the supported anchor rods as a reference [5]. However, there are few studies
on the identification and location of anchor rods, and the complex roadway environment
increases the difficulty of anchor-rod identification [6]. Therefore, an in-depth study of the
identification and positioning technology of the anchor rods in the roadway, especially
in the environment of low and uneven illumination in coal-mine roadways, is of great
significance for the precise positioning of drill-anchor robots [7].

Currently, most studies for object recognition in uneven lighting and low illumination
environments are implemented based on machine vision. Aiming at the problem of image
enhancement under low illumination, Cheng et al. [8] integrated the Swin v2 module and
convolution module and adopted the attention mechanism of a multiscale module. A low
illumination image-enhancement algorithm based on the Transformer model was proposed
to realize the enhancement of low illumination images in a coal mine. Reference [9] used
the MobileNetV2 feature-extraction network as the backbone network of DeepLabV3+
and adopted the channel attention (SE) and channel spatial attention (CA) mechanisms to
improve the accuracy of coal-rock recognition. Zhang et al. [10] added a coordinate attention
mechanism module to the backbone network of the YOLOv5s model and increased the
clarity of the anchor-hole image through super-resolution reconstruction technology, which
effectively improved the accuracy of recognition and classification. Hao et al. [11] added a
convolutional block attention model into the YOLOvV5 network to enhance the saliency of
the target in the image, aiming at the problem that the target cannot be accurately identified
due to the uneven illumination environment. Xu et al. [12] proposed an Attention Res-UNet
method. U-Net is used for semantic segmentation and uses an attention mechanism to
reduce the influence of uneven lighting conditions, which proves its recognition superiority
in complex environments. Based on traditional YOLOV5s, Yang et al. [13] proposed an
ODEL-YOLOVvb5s detection model based on deep learning, which increased the three-scale
prediction of the model to four-scale prediction and improved the detection ability of
the model for small obstacles. Ye et al. [14] proposed an adaptive focusing target feature
fusion network based on YOLOX to balance detection speed and detection accuracy for
complex underground environments. Based on the MobileNetV3 large module structure,
Gao et al. [15] adopted the CBAM attention mechanism module, which can better improve
the network’s feature-extraction ability of complex pixel information in the regions of
interest in coal and gangue images. The above studies have proposed target-recognition
methods based on deep learning, but these methods are biased towards coal and gangue
recognition, anchor rods in belt foreign bodies, and roadway anchor-hole position detection
rather than the actual roadway-supported anchor rods.

After accurately identifying the anchor rods, the positioning of supported anchor rods
is the crucial problem to realize the positioning of the drill-anchor robot. Suppose the posi-
tion information of the roadway anchor rods can be detected in real-time and accurately. In
that case, it will make the drill-anchor robot complete the drilling and anchoring operation
more efficiently and ensure production safety. At present, many scholars have conducted
in-depth research on vision-based positioning technology. Ma et al. [16] proposed an im-
proved census transform algorithm to obtain the disparity map of anchor rods and the
depth information of the anchor image. They used the minimum circumscribed rectangle
and the maximum circumscribed rectangle algorithm to extract the pixel coordinates of
the feature points of the bolt, which can accurately obtain the position information of
the anchor rods. However, due to the complexity of the calculation process, the running
time is too long. Han et al. [17] used a dynamic template-matching algorithm combined
with an RGB-D camera for positioning, which had good positioning accuracy under static
and dynamic conditions. However, this method detected a single target and could not
meet the requirements of simultaneous positioning of multiple anchor rods in coal-mine
roadways. Wang et al. [18] improved the YOLOv5s model, added the SPD-Conv and collab-
orative attention mechanism, and restored the depth map to realize anchor-hole positioning
based on a deep-learning model and depth camera. However, this positioning method
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relies entirely on vision and deep-learning recognition, and positioning is vulnerable to
environment and equipment. Cheng et al. [19] proposed a binocular vision measurement
technique using four light spots as feature points for the position of a boring machine under
complex backgrounds such as mixed illumination and low illumination. However, the final
positioning error of this method is larger than that of other methods, and the positioning
accuracy needs to be improved.

In summary, we focus on exploring a coal-mine roadway anchor-rod recognition
and positioning method based on the fusion of image enhancement and multiattention
mechanism to improve the YOLOV7 (the seventh version of the You Only Look Once)
model (YOLOvV?7 + CLAHE + BiFormer + CBAM fusion). This method preprocesses the
image obtained by the visual sensor to solve the problems of the traditional way in the
low illumination and uneven lighting environment of the coal-mine roadway. By using the
deep-learning algorithm, combining the depth image with the RGB image alignment and
the least squares linear fitting method, the roadway anchor rod’s automatic identification
and precise positioning are realized. This method has high efficiency and accuracy and can
adapt to the characteristics of roadway anchor rods in different mining areas, which has a
strong practicability and popularization value.

The structure of the rest of this article is as follows. Section 2 gives the principle
and steps of the identification and positioning method. Section 3 mainly introduces the
structure and composition of the image enhancement and multiattention mechanism fusion-
improved YOLOv7 model proposed in this paper. Section 4 presents the positioning method
of the supported anchor rod, including sensor calibration, coordinate transformation, and
data processing. The experimental deployment and results are given in Section 5, and the
work of this paper is summarized in Section 6.

2. Method and Principle

Aiming at the problem of anchor-rod identification and positioning in coal-mine
tunneling, we constructed a YOLOv7 + CLAHE + BiFormer + CBAM fusion model and
proposed a bolt identification and positioning method based on this fusion model. The
principle of identification and positioning is shown in Figure 1.

The complex environment of the coal-mine roadway has a significant influence on
anchor-rod recognition and positioning. Under the influence of complex environmental
factors, the YOLOv7 model has no noticeable improvement effect on image processing. To
effectively improve the accuracy of anchor-rod recognition, the contrast-limited adaptive
histogram equalization algorithm (CLAHE) is used to enhance the original data and the
image quality. Combined with the BiFormer and the Convolutional Block Attention Module
(CBAM) to strengthen the ability of feature extraction, the anchor-rod target-detection and
recognition model of YOLOvV7 + CLAHE + BiFormer + CBAM fusion is constructed. The
positioning method of the supported anchor rod based on the target anchor-rod detection
and recognition model is established. The method includes the supported anchor-rod
detection and recognition model, the perception system calibration and target-solving
model, target coordinate transformation, and the positioning information solution model.

(1) For the supported anchor-rod detection and recognition model, collect anchor
sample data in the roadway environment by simulating the roadway and combining with
the image data of the actual coal-mine roadway to establish a supported anchor-rod dataset;
an improved YOLOV? target-detection model is built to improve the detection performance
of the model. The obtained anchor-rod dataset is used to train the visual recognition model,
and the camera is used to detect the real-time image. The detection box and confidence
of the target are identified, and the detection box is used as the region of interest (ROI) in
the image;

(2) For perception system calibration and the target-solving model, the camera is
calibrated to obtain the internal and external parameters of the camera. The depth map
and RGB image of the roadway anchor rod are captured, and the corresponding ROI in the
depth image is processed by median filtering and bilateral filtering to restore the practical
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multi-vision sensor

RGB Image

YOLOv7+CLAHE+BiFormer+CBAM fusion model method

information in the depth map. The center point of the target-detection frame is used as the
positioning target point, and the depth map is aligned with the RGB image to obtain the
depth value of the target point and the two-dimensional coordinates in the image;

(3) For target coordinate transformation and the positioning information solution
model, the obtained depth value and the two-dimensional coordinate of the target point
are transformed to obtain the three-dimensional coordinate information of the target
point in the camera coordinate system. Aiming at the problem of large X-axis coordinate
deviation, the coordinate value is corrected by least squares linear fitting to realize the
visual positioning of the bolt.

Data processing

Center
Aligns Median filter point  —
to RGB Bilateral filter depth
value
Depth Image RO1
Three-
aligning | dimensional

BiForme coordinate

——
—

Linear fitting

Head by
least square

Figure 1. Principle of the anchor-rod identification and positioning method.

3. Construction of the Model

YOLOvV?7 [20-22] is a target-detection algorithm based on deep learning. It has real-
time solid performance and can detect and locate multiple targets quickly and accurately
in images. The main structure of the network includes the input layer, backbone, and head.
Aiming at the problem of low and uneven lighting in coal-mine roadways and the difficulty
of anchor-rod recognition caused by small targets, we propose to use the YOLOV? target-
detection algorithm in this paper, combined with CLAHE, BiFormer attention mechanism,
and CBAM, to optimize the network structure and detection performance and, then, to
improve the recognition accuracy and robustness of the model. The network structure is
shown in Figure 2. The main model structure is as follows.

(1) Based on the YOLOV?7 target-detection algorithm, the recognition and detection
of small targets can be realized while ensuring the detection speed, and the center point
position and target category of the detection box can be obtained;

(2) CLAHE enhances the images collected in low and uneven illumination environ-
ments, and precise sample data are obtained;

(3) The BiFormer attention mechanism is added at the end of the backbone network to
improve the detection ability of small targets further;

(4) In the feature fusion stage, the CBAM combines channel and spatial attention so
that the optimized feature map pays more attention to channel and spatial domain features,
thus suppressing nonimportant information.
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Figure 2. YOLOv7 + CLAHE + BiFormer + CBAM fusion model structure.

3.1. Image-Enhancement Processing

The preprocessing of the data by the YOLOV7 input layer cannot effectively improve
the problem of unclear samples under low and uneven illumination conditions. Therefore,
the CLAHE [23] method optimizes the images. The traditional histogram equalization
algorithm (HE) is only for the global. The processing effect is not ideal when the image is
locally too bright or too dark, and the histogram equalization will enhance the background
noise. To solve the above two problems, the image clarity is enhanced by the Contrast-
Limited Adaptive Histogram Equalization algorithm on the image subregions. Figure 3
is the flow chart of the CLAHE algorithm. In the collected original image, the anchor
rods are in a dark environment, so the targets are unclear, and accurate identification and
positioning cannot be achieved. Using the CLAHE method to enhance the image, the
contrast limitation threshold is set to three, and the subregion size is (8,8). The contours of
the anchor rods can be seen. The image clarity and brightness are better than the original
image, which can be used as the input for target detection and guarantee subsequent
recognition and positioning.
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Figure 3. CLAHE algorithm flow chart. The red circle in the figure shows the part before and after
the algorithm processing as a comparison.

3.2. Feature-Extraction Optimization Based on BiFormer

Aiming at the problems of multiple anchors and small samples in a single frame image,
the sample contour and features are easily ignored under the influence of the environment,
resulting in poor recognition results. The attention mechanism is added to the YOLOv7
target-detection network to strengthen the critical feature information. For the backbone,
the BiFormer attention mechanism is added to the top layer, that is, the final extraction
feature layer, to make up for the deficiency of the original model in small target-detection
ability. The structure is shown in Figure 4. By embedding BiFormer’s Bi-Level Routing
Attention (BRA) module into YOLOV?7, the vector of each position can interact with the
vector of other places, and different weights are assigned according to the relative impor-
tance between them [24,25]. In BRA, each encoder contains multiple Transformer [26,27]
attention heads. Through parallel computing, it captures different scales and types of
information, learns the correlation between other image regions, pays attention to the
union between areas, and uses sparsity to skip the most irrelevant computing regions,
further reducing the computational pressure and difficulty.
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Figure 4. BiFormer attention mechanism structure.
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3.3. Feature Fusion Optimization Based on CBAM

Based on strengthening the ability to detect small targets, extract effective features
further, reduce the computational pressure, and improve the recognition accuracy, the
CBAM is added after the head layer upsampled the results and the MP-2 structure. The
CBAM structure is shown in Figure 5. Entering the feature map F, F € R©*"*W and using
the channel attention module to generate a one-dimensional channel attention map Mc,

Mc(F) = o(MLP(AvgPool (F)) + MLP(MaxPool (F)))

T (Wi (Wo(FSg)) + Wi (Wo(Fax))) O]

where ¢ is the Sigmoid function, Wy € R¢/7<C, Wy € RE*C/r, Pucz,g, and FS,, represent the
average pooling feature and the maximum pooling feature, respectively. The attention
output of the channel is F/, and the formula is:

F = Mc(F)®F @)

The spatial attention module performs average pooling and maximum pooling opera-
tions along the channel axis [28] and then uses a standard convolutional layer to obtain a
two-dimensional spatial attention map Mg,

M;s(F) = o(f”*7([AvgPool(F); MaxPool (F)])) 3)
= o(f77([Eog Faax)))

where ¢ is the Sigmoid function, and f7*”

attention output is F”, and the formula is:

is the convolution kernel of 7 x 7. The spatial

F"=Ms(F)®F (4)

As a lightweight module, CBAM can improve the network representation classification
and detection performance by focusing on essential features [29].
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Figure 5. CBAM structure.

3.4. Construction of Mixed Dataset of Supported Anchor Rod

To improve the safety and production efficiency of coal-mine roadways, it is crucial to
accurately identify and detect anchor rods in tunnels. The target-detection and recognition
model requires a large amount of sample data during training. However, because there are
few studies on the recognition of supported anchor rods in coal-mine roadways, and it is
not easy to obtain data in coal mines; visual sensors are mainly used to obtain anchor-rod
images in simulated roadways and establish the sample dataset. To improve the recognition
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Simulated
roadway data

Coal mine
roadway data

accuracy of the supported anchor rods in the uneven illumination environment, based
on the data collected in the simulated roadway environment, some anchor-rod images in
the natural underground roadway environment are added to construct a mixed dataset of
anchor-rod images in the laboratory environment-real environment. The dataset contains
a total of 2958 images. Part of the supported anchor-rod dataset is shown in Figure 6. To
expand the number of samples in the dataset, data-processing methods, such as random
rotation, image brightness enhancement, contrast enhancement, and image stitching, were
used to form a total of 5174 sample datasets of supported anchor rods, which are divided
into training, testing, and validation sets according to the ratio of 7:2:1.

Figure 6. Part of the supported anchor-rod dataset.

4. Positioning Method of Supported Anchor Rod in Roadway
4.1. MultiVision Sensor Calibration

To align the depth map with the RGB image and accurately locate the anchor rod,
it is necessary to determine the internal parameters of the sensor and the rotation and
translation relationship between the camera coordinate systems of the multivision sensor.
Because the multiview vision sensor can capture both the depth map and the RGB image
simultaneously, we do not need to consider the timestamp synchronization problem of
each camera in this paper and only consider the spatial conversion relationship. The RGB
monocular camera obtains the RGB image on the sensor, and the binocular camera receives
the depth image on the left and right sides. The multivision sensor is shown in Figure 7.

The calibration of the multivision sensor is to solve the transformation relationship
between the coordinate systems and the distortion parameters of each camera. The internal
and external parameters and distortion parameters of the sensor are calibrated by the
Zhang Zhengyou calibration method [30]. The calibration results are shown in Table 1.
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Table 1. Sensor calibration parameters.

Parameter

Left Imager Right Imager RGB

Focal length

[381.5116  383.3934] [381.2979  383.5978] [378.7371  380.0363]

Intrinsic matrix

0 383.3934 239.3964 0 383.5978  239.1390 0 380.0363 241.0257

381.5116 0 312.2119} [381.2979 0 312.491 1] |:378.7371 0 320.3359]

0 0 1 0 0 1 0 0 1
Radial distortion [0.0018  —0.0032] [0.0028 —0.0033] [—0.0492 0.0479]
Tangential distortion [—6.3533¢ % —0.0012] [9.4072¢~*  —0.0016] [—0.0012 2.7327¢74]
Reprojection error [3.5172¢75  5.8203¢ ] [2.1552¢7°  5.5460¢ ] [3.3221e7°  6.0154¢ ]

Rotation matrix

—0.0005  1.0000 0.0010 0.0005 1.0000  0.0001

1.0000 0.0005  —0.0001 1.0000 —0.0005 0.0013
0.0001  —0.0010  1.0000 —0.0013 —0.0001 1.0000

Translation matrix

[—0.0951 6.6814 0.0006} [0.0361 —4.4994 —0.0004]

Right Imager RGB Left Imager

Figure 7. Multivision sensor.

4.2. Coordinate Transformation Model

In the positioning process of the supported bolt, to determine the corresponding
relationship between the three-dimensional coordinates of the target point of the supported
anchor rod and its image at a particular time, it is necessary to establish a camera-pixel
coordinate system conversion model. According to the position of the target point in the
pixel coordinate system, the position coordinates relative to the RGB camera are obtained
by the conversion model. The conversion relationship between the camera coordinate
system and the pixel coordinate system is shown in Figure 8. In the figure, P is the real
target point, P’ is the corresponding point of the target point on the image, uv is the pixel
coordinate system, xoy is the image coordinate system, and Oy, O, Or are the origin of the
camera coordinate system of the left camera, RGB camera, and right camera, respectively.

Y

Figure 8. Coordinate transformation relationship.
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The image and pixel coordinate systems are on the same imaging planes. The measure-
ment unit and the origin position of the two are different. The coordinate transformation
formula is:

d%( 0 7N X
— 10 2 wlly (5)
0 0 1 1

S BN

where (u,v) is the coordinate of the target point in the pixel coordinate system, and the unit
is the pixel; (x,y) is the coordinate of the target point in the image coordinate system, the
unit is mm; dx and dy represent the actual size of a single pixel along the x and y axes, and
the unit is mm; and (1, vg) is the coordinate value of the origin of the image coordinate
system in the pixel coordinate system.

The conversion relationship formula between the camera coordinate system and the
image coordinate system is:

X fOOO);
Zly| =10 f 0 0f|, 6)
1 0 0 1 0]}

where f is the focal length of the camera and (X, Y, Z) is the coordinates of the target point
in the camera coordinate system.

Combining Formulas (5) and (6), the conversion relationship between the camera
coordinate system and the pixel coordinate system can be obtained as follows.

X

U #x 0 uol[f 00 0]}
Zv:O‘}—yvoOfOOZ 7)
1 ()0100101

To obtain the depth value of the target point, we choose to capture the depth map and
RGB image simultaneously. Because the RGB camera responsible for capturing the RGB
image in the multiview vision sensor and the left and right infrared cameras accountable
for capturing the depth map have different installation positions and internal parameters,
the pixels on the image do not match each other, and aligning the RGB image to the depth
map will distort the scene in the color image. In contrast, the pixels in the depth map only
contain depth information. Therefore, the depth map can be aligned with the RGB image
to ensure that the same pixel position in the two images corresponds to the same target
point. Figure 9 shows the effect of the depth map aligned to the RGB image. The left side is
the original depth map captured by the left and right infrared cameras, and the right side
is the depth map after alignment. The same pixel area in the depth map before and after
alignment is extracted, and the position of the bolt can be seen to change significantly. The
alignment process needs to convert the coordinates between the three lenses according to
the rotation and translation relationship between the cameras in Table 1 to merge the three
independent visual channels. The conversion process is as follows.

According to the above coordinate transformation relationship, the transformation
relationship of the left infrared camera from the camera coordinate system (Xp,Y;,Z;) to
the pixel coordinate system (ur, vy ) is as follows.

ur 7= 0 uw|[fL 0 0 0 };L
Zpjlop| =10 ﬁ oo| [0 fL 0 0 ZL 8)
1 o o 1/l0 0 10 1L
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The conversion formula from the left infrared camera coordinate system to the RGB
camera coordinate system is:

X Xt

Y| Yr

7| = M Z 9)
1 1

where the conversion matrix M is obtained by camera calibration, and the conversion
relationship between the pixel coordinate system of the left infrared camera and the pixel
coordinate system of the RGB camera is obtained by combining Formulas (8) and (9). The
same is true for the right infrared camera. The coordinate transformation is completed, and
the alignment of the depth and RGB images can be realized.

Figure 9. Depth map alignment effect.

4.3. Supported Anchor-Rod Data Processing

The positioning of the supported anchor rod must ensure that the depth map contains
effective information of the target point to obtain the depth value. However, in collecting
the depth image, some information is in the depth.

The image will inevitably be missing due to noise interference. As shown in Figure 10,
the black area in the picture is the information loss caused by the depth map noise.
Therefore, the depth image needs to be denoised after the depth map is aligned with
the RGB image.

Median o~ Bilateral
Filterin . Filterin

Figure 10. Depth map denoising effect. The black box in the figure is ROL

Extracting a two-dimensional region of interest (ROI) combined with a median and
bilateral filtering method is used to denoise the depth map of the supported anchor rod.
The main process of the data-processing method is as follows.

(1) The improved YOLOv7 model recognizes the RGB image to obtain the anchor-rod
detection boxes. The detection boxes are used as the ROI, and the corresponding area of
the aligned depth map is extracted to reduce the unnecessary calculation;

(2) The median filtering method is used to denoise the image region in ROL The
median filtering traverses the pixel values of each pixel in the area and its adjacent pixels.
After sorting, the pixel value in the middle position is used as the pixel value of the current
pixel to eliminate noise [31]. Because the depth value of each pixel in the ROI of the depth
map is similar, and the depth value of the noise point is quite different, the noise is filtered
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by the median filtering method. As shown in Figure 10, the black area in the image is
significantly reduced, but there is still interference;

(3) Therefore, bilateral filtering is used for further denoising to retain the edge infor-
mation of the image better while filtering out the noise. The bilateral filtering formula can
be expressed as:

I d(x ]/) = # I(x +iy+ i) 'Fspatial(i,j)
filtered\ X, Wp(x, y) ()20 .Fr,mgg(l(x,y), I(x41i,y+1))

(10)
where Ifjjerea(x, ) is the pixel value after filtering, I(x, y) is the pixel value in the original
image, Wp(x,y) is the normalized weight, () is the neighborhood window of the filter,
Fspatial (i,7) is the spatial domain kernel function, and Fygpge [ (x,y) is the pixel value domain
kernel function. As shown in Figure 10, the black area disappears completely, and the
target point can be further extracted for anchor-rod positioning.

Through the YOLOvV7 model, the size and position coordinates of the detection frame
are obtained, and the center point of the anchor detection frame is used as the target point
to realize the positioning of the anchor rod. When the drill-anchor robot moves forward
along the roadway, the multivision sensor is located at the top of the fuselage to shoot the
side plate, and the depth image is used to calculate the depth information. The installation
position of the multivision sensor is known, and the anchor-rod row spacing and bolt
spacing in each row of anchor rods are relatively fixed. However, due to the nonuniform
speed of the drill-anchor robot and the calculation error in the coordinate conversion
process, we use the least square method to perform linear fitting on each row of anchor
rods on the side plate to reduce the positioning error in the X-axis direction of the camera
coordinate system and correct the coordinate value. The positioning model is shown in
Figure 11. In the figure, L is the distance between the multivision sensor and the sidewall
plate. For the side-plate anchor rods, the coordinates in the Z-axis direction can be ignored,
and only the coordinate information of the X and Y axes can be linearly fitted.

Anchor rod
Litted line
¥ 1‘ /
q
L]

Side panel

mY

Figure 11. Positioning model diagram.

The fitting line is required to be perpendicular to the X-axis to obtain the corrected
coordinates. However, the least square method is unsuitable for fitting a straight line
perpendicular to the X-axis. Therefore, the XOY coordinate system is rotated 90° clockwise
to obtain a new plane coordinate system MON. The Y coordinate value of the target point
is reversed, and the X and Y coordinate values are adjusted to obtain the coordinate value
(m,n) of the target in the new coordinate system. Then, the straight-line fitting is carried
out, and the slope of the fitted straight line is required to be zero. The least squares linear
fitting formula is as follows.

N=aM+b (11)
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o = QL (min;) — ZmiZZ n; (12)
nym? — (Y m;)
2 . . 1
b— Emiznz - Y m;). (7;717’11) (13)
QY m; — (X m;)

where Q is the number of fitting points and a is the slope of the fitted straight line in the
MON coordinate system. In this paper, 2 = 0 should be set; b is the N-axis intercept.

The positioning method is as follows.

(1) In the same frame image, the position of the detection boxes of multiple targets is
obtained, and the pixel coordinates of the center point of the detection box are calculated;

(2) The depth image is aligned with the RGB image before denoising, and the depth
value Z of the target point under the same pixel coordinate is obtained;

(3) The coordinate value of the target point is converted from the pixel coordinate
system to the RGB camera coordinate system, and the position of the target point relative
to the camera is obtained. The anchor-rod coordinate is fitted by the least square method to
correct the error, and the final position coordinate of the anchor rod is obtained to realize
the positioning of the supported anchor rod.

5. Experiment
5.1. Experiment Deployment

As shown in Figure 12, it is a coal-mine roadway simulation experiment environment
to verify the feasibility of the anchor-rod identification and positioning method. Based on
the multivision sensor to collect the roadway environment, as shown in Table 2, the main
parameters of the visual sensor are constructed, and the experimental detection platform
shown in Figure 12 is constructed. The simulation of the bolt row spacing in the roadway
is 0.8 m, the spacing of the single row of anchor rods is 0.8 m, and the multivision sensor
is 1.5 m away from the side plate. The experimental principle and process are shown in
Figure 13.

Robot

-— |7 (‘,}mem -
* |_ Depthl :|

- value
Bo!t Row pitchI
spacing
K . “—>e . .
Side bolt
_— . . . \ . L
Roof bolt
_— . . . . . L

Figure 12. Coal-mine roadway simulation experiment environment and platform.

Table 2. Main parameters of the sensor.

Parameter Value
Ideal range 0.6-6 m
Length x Depth x Height 124 mm X 26 mm X 29 mm
Field of view 86° +3° x 57° £ 3°
Depth output resolution 1280 x 720
RGB frame resolution 1280 x 720

Frame rate 30 fps
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Figure 13. Experimental principle and flow chart.

Before the experiment, the internal and external parameters of the sensor were de-
termined by calibration, and the RGB camera optical center was used as the coordinate
origin. The direction of the roadway parallel to the side panel is the x-axis, the direction
perpendicular to the roof is the y-axis, and the direction perpendicular to the side panel
is the z-axis. The detection model proposed in this paper is used to identify and detect
the anchor rod, and the model’s performance is verified by ablation experiments. The
pixel coordinates of the target point are obtained through the model, the corresponding
depth values are obtained in the depth map, and the positioning results are converted into
coordinates in the RGB camera coordinate system. The coordinate value is corrected by
linear fitting to obtain the position information of the target point. Because there will be
invalid areas in the depth map when the distance is too far, only eight anchors in three rows
are located in the experiment. By comparing the measured value with the actual value and
the fitting value, the accurate positioning of the anchor rod is finally realized.

5.2. Experiment and Analysis of Target-Detection and Recognition Model

The improved YOLOv7 model can effectively improve the quality of input images and
reduce the influence of illumination factors on recognition. Adding an attention mechanism
can improve the detection effect of small targets and the attention to practical features,
reduce the computational pressure, and improve the recognition accuracy.

To verify the actual detection effect of the proposed improved YOLOv7 model, the
ablation experiment under the same conditions was carried out using the self-built dataset.
The model evaluation indexes include precision (P), recall (R), mean average precision
(mAP), floating-point operations per second (FLOPs), parameters, and the detection speed
(FPS). The calculation formulas of P, R, and mAP are as follows.

TP

P=_——
TP+ FP

(14)
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TP
R= TP+ FN (15)
N
Y. AP,
AP =1 16
m N (16)

where TP is the number of correct anchor rods detected, FP is the number of other objects
seen as anchor rods by mistake, FN is the number of the right anchor rods detected as other
objects by mistake, N is the number of detection categories, and AP is the average accuracy
of a single category. The IOU threshold is set to 0.5; that is, the average accuracy of the
single category is APy 5, and the detection category N is one, so mAP = AP 5. The results
of ablation experiments are shown in Table 3.

Table 3. Comparison of ablation experiment results.

Subject Model Precision Recall mAP FLOPs/G  Parameters/M FPS

a YOLOv?7 90.2% 90.1% 89.2% 103.5 37 87.5

b CLANE + YOLOvV?7 92.6% 93.8% 91.0% 103.5 37 87.5

c CLAHE + CBAM + YOLOv7 94.4% 93.5% 92.7% 102.1 35 128.3

d CLAHE + BiFormer + YOLOv?7 94.0% 91.2% 92.1% 103.7 39 122.6
CLAHE + BiFormer + CBAM + o o o

e YOLOV? 96.2% 94.7% 94.9% 105.8 35 123.2

The ablation experiment results show that model a is the 0.1 version of the original
YOLOv7 model; model b adds the CLAHE algorithm to enhance the data based on model
a, which reduces the influence of illumination conditions on the image. The mAP is 1.8%
higher than model a, indicating that CLAHE can significantly improve image clarity, thus
improving the accuracy of anchor-rod recognition. Model c adds the CBAM based on model
b. The number of parameters and FLOPs are reduced, and the mAP is 3.5% higher than
the original model. It is proven that the introduction of the CBAM makes the model pay
more attention to practical features and filter out invalid information, which is of practical
significance for improving the model’s performance. Model d adds the BiFormer attention
mechanism based on model b. Compared with the original model, mAP is increased by
2.9%, and the number of parameters is also increased. This confirms that the BiFormer
attention mechanism helps improve the detection ability of small targets but simultaneously
increases the amount of calculation. Based on model d, the CBAM is added to the head
network of model e, and the mAP is 5.7% higher than that of the original model. At the
same time, the increase in the number of parameters caused by the BiFormer attention
mechanism is suppressed to a certain extent. The comparison of the detection effects of the
original YOLOv7 model and the improved model is shown in Figure 14.

The experimental results show that the target-detection model based on YOLOv7 +
CLAHE + BiFormer + CBAM fusion has a good effect on anchor-rod recognition in low and
uneven illumination environments. The mAP is 5.7% higher than that of the YOLOv7 model,
and the number of parameters is reduced by 2M, which has a significant improvement in
detection accuracy.
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Double
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Multiple
target

Figure 14. Comparison of experimental results. (a) YOLOv?. (b) CLAHE + YOLOvV?. (c¢) CLAHE +
CBAM + YOLOV?. (d) CLAHE + BiFormer + YOLOV?. (e) CLAHE + BiFormer + CBAM + YOLOV?7.

5.3. Experimental Verification of Anchor-Rod Positioning

Figure 15a is the result of the improved YOLOv7 model. The samples in the picture are
error free, and the confidence is higher than the threshold. At the same time, the size and
location information of each detection box are obtained to calculate the pixel coordinates
of the center point. Figure 15b is the corresponding depth map after alignment. The edge
of the depth map is invalid information, and the information of the middle three rows of
anchor rods is complete. The detection frames extracted from the RGB image are mapped
to the depth map as ROI, and only the depth map in ROI is denoised to complete the depth
information and extract the depth value of the center point of the detection frame.

Figure 15. (a) Network detection effect. (b) Depth rendering after denoising the positioning experi-
mental verification.
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Through the coordinate transformation of the pixel coordinates, combined with the
depth value, the position coordinates in the RGB camera coordinate system are obtained,
and the three rows of anchor rods are fitted with straight lines to get the corrected position
coordinates. For example, Figure 16 shows the fitting lines for the three rows of anchor
rods. The pixel coordinate value, depth value, coordinate measurement value, conversion
coordinate value, and fitting coordinate value of the target point are shown in Table 4.

Table 4. Comparison of positioning.

Pixel

Coordinate

Row . Conversion Fitting Coordinate = Absolute Value
Coordinate =~ Depth/m Measurement .
Number . Coordinate Values/m Value/m of an Error/mm
Value/Pixel Value/m
(384,53) 1.506 (—0.805,1.200,1.500) (—0.804,1.192,1.506)  (—0.804,1.192,1.506) (1,8,6)
1 (361,341) 1.503 (—0.805,0.410,1.500) (—0.807,0.405,1.503)  (—0.804,0.405,1.503) (1,5,3)
(330,680) 1.496 (—0.810,—0.400,1.500) (—0.802,—0.403,1.496) (—0.804,—0.403,1.496) (6,3,4)
’ (690,186) 1.507 (0.112,0.800,1.500) (0.126,0.799,1.507) (0.114,0.799,1.507) 2,1,7)
(698,500) 1.502 (0.110,0.050,1.500) (0.103,0.051,1.502) (0.114,0.051,1.502) (4,1,2)
(961,57) 1.508 (0.836,1.220,1.500) (0.831,1.225,1.508) (0.835,1.225,1.508) (1,5,8)
3 (1003,329) 1.502 (0.840,0.450,1.500) (0.836,0.454,1.502) (0.835,0.454,1.502) (54,2)
(1055,663) 1.498 (0.828,—0.450,1.500) (0.839,—0.448,1.498)  (0.835,—0.448,1.498) (7,2,2)
-0.801 013 0.84
(0.403, -0.802) (-0.799, 0.126) 0.838 (0.443, 0'8j19}
-0.802 A 0.125 F ™ ’,,"
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Figure 16. Fitting straight-line diagram. (a) The first row of anchor rods. (b) The second row of

anchor rods. (c) The third row of anchor rods.

Through Figure 15, the target-detection model of the YOLOv7 + CLAHE + BiFormer

+ CBAM fusion is reliable for anchor-rod recognition in low and uneven illumination
environments and can accurately detect targets. According to the data comparison in
Table 4, it can be concluded that the depth value of the target point obtained by the depth
map combined with the RGB image has a minor error with the actual measured value. The
Y-axis coordinate has no significant deviation from the measured value, but the X-axis
coordinate has a large error in individual cases. By fitting the straight line to correct the
coordinates, the more significant X-axis coordinate deviation is improved.
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Figure 17 shows the positioning error of 60 anchor rods in 15 rows of simulated
roadway on the X, Y, and Z axes. The positioning error does not exceed 11 mm, proving
that the positioning method in this paper can accurately locate the anchor-rod target in the
image, effectively reducing the error caused by environment or coordinate transformation,
and has good robustness.

T T T T T T T T

X-axis courdingtu anu
-axis ooordinate emor
Z-axs Coaninale Crior

error value/mm

0 5 0 15 20 F a0 a5 a a5 50 56 80
sample number

Figure 17. Coordinate error curve.

6. Conclusions

Aiming at the problems that anchor-rod recognition is difficult, and the positioning
accuracy cannot be guaranteed due to the low illumination and uneven lighting in a coal-
mine roadway, we propose an anchor identification and positioning method based on the
fusion of image enhancement and multiattention mechanism that improved the YOLOv7
model. The process takes the roadway-supported anchor rods as the recognition and
positioning target. It uses the improved YOLOV?7 target-detection model to identify the
anchor rods, which effectively solves the influence of underground illumination on the
recognition accuracy of the supported anchor rods and improves the recognition accuracy.
The method of depth map combined with least square linear fitting is used to locate the
anchor rods, which provides an effective way for the accurate positioning of the anchor
rods in the coal-mine roadway.

(1) The proposed image enhancement and multiattention mechanism fusion improved
the YOLOV7 target-detection model, which can effectively reduce the difficulty of target
recognition caused by illumination problems, enhance the ability to extract small target
features, and improve recognition accuracy;

(2) A multiview vision sensor is used to collect sample images in simulated roadways
and is combined with the anchor-rod data of actual coal-mine roadways, which enhances
the diversity of the samples and the adaptability of the model to the supported anchor rods
of the actual underground roadway and establishes the image dataset of the anchor-rod
target detection under the environment of low and uneven illumination;

(8) The image is enhanced by the Contrast-Limited Adaptive Histogram Equalization
algorithm, which reduces the influence of the illumination problem in anchor-rod recogni-
tion, improves the clarity of target contour and features, weakens noise interference, and
improves image quality;

(4) Based on the YOLOV7 model, BiFormer and CBAM are added to improve the
detection ability of the model for small targets and the attention to essential features and
reduce the noise interference of the environment;

(5) The method of extracting ROI combined with median and bilateral filtering is used
to denoise the depth map, which solves the problem of effective information loss caused by
noise. At the same time, the processing time and calculation amount are reduced, which is
beneficial to extract the depth value of the target point;

(6) Experiments verify the proposed recognition and positioning method of the sup-
ported anchor rod. The experimental results show that the mAP of the improved model is
5.7% higher than that of the original model, reaching 94.9%. The model can identify the
supported anchor rod accurately. The error between the positioning coordinates of the
target point on each axis and the measured coordinates is no more than 11 mm, which
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meets the positioning-error requirements of the anchor rod in the drilling and anchoring
operation. It shows that the positioning method can ensure the positioning accuracy of the
anchor rod and provide a basis for the positioning of the body of the drill-anchor robot.
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